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ABSTRACT 
 
STRUCTURAL AND MAGNETIC  
PROPERTIES OF Si(100)/Ta/Co MULTILAYERS  
FOR SPINTRONICS APPLICATIONS 
 
 This thesis is concerned with the structural and magnetic properties of 
Si(100)/Ta/Co single and multilayer thin films grown by DC magnetron sputtering 
technique. The structural properties of the films have been studied by X-Ray 
Diffractometer (XRD), Atomic Force Microscopy (AFM) and Scanning Electron 
Microscopy (SEM). This study revealed that a single Co film grows amorphous on 
silicon substrate up to 50 nm at room temperature. After this thickness, Co starts 
crystallizing in hexagonal (002) plane. The same crystallinity was also observed for 25 
nm amorphous Co which was annealed at 4500C at high vacuum for 30 minutes. The 
presence of a single crystalline tetragonal Ta phase (-Ta) with the orientation along 
(002) has been observed for 40 nm Ta growth on silicon substrate. The Si(100)/Ta/Co 
bilayers and multilayers show good crystallinity for both Ta and Co films. SEM and 
AFM results show that all the single and multilayers grew uniform, continuous and with 
very low surface roughness. 
 The magnetic properties of the films were investigated using Vibrating Sample 
Magnetometer (VSM), by measuring hysteresis loops. The effects of the thickness and 
growth pressure on the magnetic properties of Co films were studied. The easy 
magnetization axis of the samples is found to be parallel to the Co film plane. As the Co 
film thickness increased from 4 nm to 15 nm, the coercivity (Hc) decreased from 72 G 
to 20 G and after a threshold thickness it increased almost linearly up to 180 G for 100 
nm film while the magnetization decreased. Moreover, it has been observed that as the 
Co growth pressure increases, the Hc value of Co films increases. Finally, we obtained 
two different Hc values for our MTJ sandwich with the structure of 
Si(100)/Ta/Co/TaOx/Co/Ta. 
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ÖZET 
 
SPNTRONK UYGULAMALARI ÇN 
Si(100)/Ta/Co ÇOKLU KATMANLARIN  
YAPISAL VE MANYETK ÖZELLKLER 
 
 Bu tez, DC mıknatıssal sıçratma teknii kullanılarak üretilen Si(100)/Ta/Co tek 
ve çoklu katman ince filimlerin yapısal ve manyetik özellikleriyle ilgilidir. Filimlerin 
yapısal özellikleri XRD, AFM ve SEM kullanılarak incelenmitir. Bu çalımadan, oda 
sıcaklıında silikon altta üserine büyütülen Co filimin 50 nm’ye kadar amorf bir yapıya 
sahip olduu anlaılmıtır. Bu kalınlıktan sonra hegzagonal (002) düzlemi 
dorultusunda kristallenmeye balamıtır. Kristallenme, 25 nm’lik amorf filim 450-
0C’de yüksek vakum ortamında 30 dakika tavlandıktan sonra da görülmütür. 40 nm 
kalınlıındaki Ta filimin silikon altta üzerine (002) düzlemi dorultusunda tek kristal 
ve tetragonal Ta fazda (-Ta) büyüdüü görülmütür. Si(100)/Ta/Co çift katmanlı ve 
çoklu katmanlı yapılar, Ta ve Co için iyi kristallenme göstermitir. SEM ve AFM 
sonuçlarıyla, bütün tek ve çoklu katmanların düzenli, sürekli ve çok az pürüzlülükle 
büyüdükleri görülmütür. 
 VSM ile histeresis döngüleri ölçülerek filimlerin manyetik özellikleri 
incelenmitir. Filim kalınlıının ve büyüme basıncının Co filimin manyetik özelliklerine 
etkileri çalıılmıtır. Örneklerin kolay manyetizasyon eksenlerinin Co film yüzeyine 
paralel olduu görülmütür. Co filim kalınlıı 4 nm’den 15 nm’ye arttırıldıında artık 
mıknatıslanım deeri (Hc) 72 G’dan 20 G’a dümütür ve  eik kalınlık deerinden 
sonra 100 nm’ye (180 G) kadar neredeyse lineer olarak artarken manyetizasyon 
deerinin de dütüü görülmütür. Buna ek olarak, Co filimin büyütme basıncı 
arttırıldıında, Hc deerinin arttıı gözlenmitir. Son olarak, Si(100)/Ta/Co/TaOx/ Co/Ta 
manyetik tünel eklemi yapısında iki farkli Hc deeri elde edilmitir. 
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CHAPTER 1 
 
INTRODUCTION 
 
Spintronics, or spin electronics, is an attractive field of basic and applied 
research in physics and engineering that aims to use the role played by electron spin in 
solid state materials (Wu et al. 2003). Spintronic devices make use of spin properties 
instead of, or in addition to electron charge to carry information. Use of electron spin to 
store, transport and manipulate information would have many specified advantages. 
These include greater data processing speed, low power consumption and non-volatility. 
“Non-volatility” means that the data are still encoded when the power is switched off 
(Barthélémy et al. 2002). 
The name of spintronics is nowadays used to describe the field of research on 
electronic devices in which the electron spin plays the role of the active element (Prinz 
1998). The first observation showing that the spin can affect electron transport was in 
1857 when the anisotropic magnetoresistance (AMR) effect was reported (Thomson 
1856). AMR shows that the resistance of a metallic ferromagnet depends on the angle 
between the magnetization and current direction (Rijks et al. 1995). This relative 
resistance change is called magnetoresistance (MR) ratio, and the maximum value 
observed at room temperature is ~5%. 
More than 100 years later, in 1988, Baibich and coworkers (Baibich et al. 1988) 
and Binasch and coworkers (Binasch et al. 1989), discovered a larger resistance change 
upon applying a magnetic field in multilayers of magnetic layers separated by 
nonmagnetic metal layers and called it giant magnetoresistance (GMR) effect. The 
origin of this effect is due to spin dependent electron scattering. The total current is the 
result of two parallel currents, one due to spin up and one due to spin down electrons. 
The resistances experienced by these two currents are generally different and depend on 
the alignment of the magnetization direction of the ferromagnetic (FM) layers. The 
direction of the magnetization of one layer is pinned in one direction and the other, the 
free layer, is free to rotate in the direction of the external magnetic field. This simple 
three layer structure is called spin valve. By applying an external magnetic field, the 
orientation of the magnetization of the FM layers can be changed from parallel to 
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free layer 
spacer layer 
pinned layer 
antiparallel. A low resistance is obtained if the magnetizations of the two layers are 
parallel and a high resistance if they are anti-parallel, as is indicated in Figure 1.1. 
 
 
 
 
 
 
 
 
Figure 1.1. Simple spin valve structure. 
 
Spin-valves reached market in 1998 when they were introduced for the first time 
in disk drives by IBM. Since then, this technology became the standard for read heads. 
Spin-valves can be viewed as sensitive magnetic field sensors. They may also be used in 
other applications: measurement of electrical current, position or rotation encoders, 
magnetoresistive compass, and magnetoresistive heads for video-tapes or other storage 
media. 
The next generation of spintronic devices and the main topic of this thesis are 
magnetic tunnel junctions (MTJs). A magnetic tunnel junction consists of two magnetic 
layers separated by an insulator. The insulator is so thin, that electrons have a small 
probability to go from one electrode to the other through the barrier. This quantum 
mechanical process is called tunneling and is due to the wave character of the electron. 
For a magnetic tunnel junction, the conductivity is found to depend on the relative 
orientation of the magnetizations. The origin of this effect is that the tunnel probability 
of an electron to tunnel through the barrier depends on the wave length or the energy of 
the electron. In ferromagnetic materials the energy of spin-up and spin-down electrons 
are different and this lead to a spin dependent tunnel probability. By reversing the 
magnetization the energy of spin-up and spin-down electrons in the reversed layer are 
interchanged, as is shown schematically in Figure 1.2(b). This leads to a resistance 
difference, which is called tunneling magnetoresistance (TMR), between parallel and 
antiparallel magnetized layers.  
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TMR ratio is calculated by the formula; 
 
100×



−
≡
p
pap
R
RR
TMR  
 
In this expression, Rap and Rp represent the anti-parallel alignment resistance and 
parallel alignment resistance values of the multilayer, respectively. 
 Although this effect was already found in 1975 (Julliere 1975), only since 1995 
a reproducible fabrication process was developed (Moodera et al. 1995). TMR ratio was 
achieved up to 500% at room temperature for CoFeB/MgO/CoFeB structure (Lee et al. 
2007). The variation of the resistance of these devices is the same with spin valve 
device as shown in Figure 1.1. 
  
 
 
  
 
 
 
 
 
 
Figure 1.2. Principles of transport of electrons through a GMR device (a) and tunnel 
junction (b). The magnetization directions of magnetic materials are 
indicated by an arrow (Smits 2001). 
 
 Most magnetoresistive devices depend on thin-film technology for their creation. 
Since the electronic properties of the films may depend strongly on the physical 
structure, it is very important to be able to determine and analyze the exact structural 
properties of the films. Also, by varying the structure of the materials and studying the 
changes in device behavior, the detailed physics behind the behavior may be studied.  
 In a magnetic tunnel junction, a bottom electrode, including the exchange bias 
layer, is grown on a substrate. Then the barrier layer is grown, followed by the top 
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electrode. A capping layer can also be deposited on the top electrode in order to prevent 
oxidation. The insulating layer, which is most often Al2O3 (Moodera 1995, Mitsuzuka 
1999, Wang 2004), can be created by naturally oxidizing the metal layer or direct 
deposition of Al2O3, for instance by reactive sputtering.  
 In order to have high TMR values, the barrier must be homogeneous, pinholes 
free and have low impurities. Layers must be smooth because some roughness can cause 
in homogeneous currents through the layers that can lead to local heating and creating 
shorts. Roughness of the barrier can also cause a magnetic coupling between the two 
electrodes, which results in the situation that the layers do not switch independently and 
antiparallel state cannot be achieved anymore (Knechten 2004). 
In this study, we first grew Ta film as a buffer layer on silicon substrate because 
the buffer layer can improve the flatness of the multilayer, and a greater degree of 
smoothness can be obtained (Ma and Wong 2002). It is also used as bottom contact 
layer for magnetoresistance measurements. Co films were grown on Si and Ta with 
different thicknesses and pressures to investigate structural and magnetic properties of 
grown layers. Finally, as a first attempt towards growing MTJ structures, 
Si/Ta/Co/TaOx/Co/Ta was grown and magnetic properties were studied. 
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CHAPTER 2 
 
THIN FILM DEPOSITION 
 
 The process of sputter deposition for the production of thin films in various 
applications has increased widely in popularity. This is because of its ease of operation, 
accurate control of the growth rate, excellent film adhesion and a high degree of 
reproducibility of the deposited films. 
All layers were deposited by magnetron sputtering technique. Therefore, a short 
overview of sputtering process will be given. Then, the magnetism of thin films as well 
as the dependence of magnetic behavior on structural properties will be discussed. An 
overview of material properties is also presented briefly. 
 
2.1. Sputtering Process 
 
Among the numerous techniques available today for depositing thin films, 
sputter deposition is one of the most capable techniques to prepare thin films almost any 
material. Some of the advantages of sputtering are: high uniformity of deposited films, 
good adhesion to the substrate, better reproducibility of films and simplicity of film 
thickness control.  
This method consists of the bombardment of the target material by fast moving, 
heavy, inert gas ions (usually Ar+ ions) from a plasma. The bombarding ions cause 
atoms to be ejected from the target material by momentum transfer between the 
colliding ions and the target atoms. The basic schematic for a DC sputtering system is 
schematically shown in Fig. 2.1, where some processes are shown to occur when the 
ions collide with the target material. In magnetron sputtering process permanent 
magnets are placed under the target to create a magnetic field close to the surface of the 
target. Secondary electrons, which are trapped by this magnetic field, join the plasma 
and cause the continuous ionization of the gas in order to increase ions needed for 
sputtering. They also release their energy in the form of heat on the substrate. The 
mobility of the incident atoms arriving at the substrate depends on the sputtering 
parameters (power, pressure), the temperature of the substrate, the distance between the 
target and the substrate, and the surface of the substrate itself. 
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Figure 2.1. Schematic explaining the sputtering process. 
 
The magnetic and structural properties of thin films are strongly dependent upon 
the deposition process and the growth parameters. Careful control of the sputtering 
parameters is essential to prevent the films suffering from residual stresses and 
columnar growth which can affect both the magnetic and structural properties. 
The kinetics of the sputtering process and the mobility of the sputtered atoms at 
the surface of the substrate determine the final structural and magnetic properties of the 
thin films. Some factors which influence these processes are explained briefly below: 
 
Pressure: The pressure of the sputtering gas not only provides the inert gas ions needed 
for the sputtering process of the target, but also acts as a moderator for the ejected atoms 
from the target. At low pressures, the sputtered atoms have much higher energies than 
the plasma gas between the target and substrate. The sputtered atoms in this situation 
have a high surface mobility at the substrate. At higher sputtering pressures, the 
sputtered atoms are thermalised by the plasma gas, due to the increased number of 
collisions before arriving at the substrate (Somekh 1984). As a consequence, the 
sputtered atoms will have a lower surface mobility at the substrate. Therefore, pressure 
has an important effect in the growth kinetics of the films. 
Substrate 
(Area to be coated) 
Magnetron Sputtering Cathode 
Target 
Magnet 
Magnetic 
field 
Argon ions 
accelerated to 
target 
Coating 
Surface atom 
ejected from 
target 
Electric 
field 
e- 
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At low argon pressures, the films were found to be under compressive stress, 
while at higher pressures the stress found to be tensile (Materne et al. 1988). It is 
understood that at low pressures, the high surface mobility of the sputtered atoms 
promotes the formation of dense films which are under compressive stress. At higher 
pressures, the sputtered atoms are less energetic because of the increased scattering. 
This causes the sputtered atoms to arrive at the substrate at more different angles and 
results in the films having a columnar morphology, which induces a tensile stress in the 
film. 
 
Target-Substrate Distance: The distance between the target-substrate has a similar 
effect with sputtering pressure on the growth kinetics. Increasing the separation has the 
effect of lowering the mobility of the atoms at the substrate; the reverse is true when the 
separation is decreased. There is also a close relationship between growth rate and grain 
size of the films. A low sputtering rate promotes the formation of small grains while a 
fast sputtering rate results in films with large grain size. Growth rate can be controlled 
by sputtering power, deposition pressure and target substrate distance. 
 
Sputtering Power: The sputtering power also has the similar effect to that of the 
pressure as described above. At low powers, the film is in a state of tensile stress, 
whereas the stress becomes compressive at higher powers. This is due to the increasing 
kinetic energies of the particles and surface mobility. The deposition rate increases 
linearly with increasing power but the rate can be increased by use of magnetrons with 
the target. This produces a denser plasma at the target surface, which increases the 
deposition rate without increasing the power. However, the use of low sputtering 
powers causes the system, target and substrate temperature minimized. 
 
Substrate Temperature: The substrate temperature is very important in controlling the 
properties of the depositing film. It is important that the unintentional substrate heating 
due to plasma be maintained close to the room temperature. The temperature of the 
substrate will also influence the surface mobility of the sputtered atoms. The increase in 
the surface temperature is mainly due to energetic sputtered atoms. 
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2.2. Magnetic Properties 
 
A material is constructed of atoms, each with a magnetic moment. These 
magnetic moments come from three sources: the atom’s orbital angular momentum, the 
electron spin and the change in the orbital moment induced by an applied magnetic 
field. When the field is applied, these magnetic moments tend to either align themselves 
with the applied field, which is called paramagnetism, or to align in the opposite 
direction, as in diamagnetism. This alignment of magnetic dipoles caused a net 
polarization. When a material retains this polarization after the magnetic field is 
removed, then it is said to be ferromagnetic. 
In paramagnetism, when atoms have magnetic moments that interact very 
weakly with each other, they tend to align themselves with the external field in order to 
minimize energy. Ferromagnets result from a much stronger interaction between the 
spin of one atom and that of another close by it. In an applied field, the magnetic 
moments align with the field, as in a paramagnetic material. The system will prefer a 
state that minimizes the energy and this requirement aligns the spins and consequently 
the magnetic moments in the same direction. When the field is removed the material 
will remain magnetized because of the strong exchange interaction between the spins. 
The magnetization,M, is defined to be the magnetic moment per unit volume, 
 
V
mM =  [emu/cm3] 
 
M is a property of the material, and depends on both the individual magnetic moments 
of the constituent ions, atoms or molecules. The cgs unit of magnetization is the 
emu/cm3. 
 As found in nature, ferromagnetic materials do not have a large net polarization. 
Instead, there are regions in which magnetic moments are arranged in the same 
direction, called domains. The separations between these domains are called domain 
walls. The domain structure also results from a need for the system to minimize energy. 
In Fig. 2.2(a), a single (mono) domain is shown. In this configuration the magnetic 
energy will be high due to a large demagnetization contribution. For the case in Fig. 
2.2(b) the magnetic energy will be reduced by dividing the sample into two domains 
which are magnetized in the opposite way. This causes the formation of the domain 
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walls between the domains. Depending on the magnitude of the exchange interaction 
and magnetic anisotropy, the energy contained in the domain wall might be so high that 
domain formation is not favorable. By dividing the crystals into more domains like Fig. 
2.2(c) and (d) the demagnetization energy is minimized. The domain structures are often 
much more complicated. However, domains always lower the energy from a saturated 
system with high magnetic energy to a domain configuration with lower energy 
(Andersson 2006). 
 
 (a) (b) (c) (d) 
 
 
Figure 2.2. The figure shows different domain configurations; (a) a mono domain. (b) a 
sample with two domains. (c) a sample divided into four domains, and 
finally (d) closure domains where the demagnetization energy is minimized. 
 
If an external magnetic field is applied to the sample, the number of domain 
walls shrinks, until a single domain forms. When the applied field is removed, the 
number of domains increases until the energy to produce a new wall is no longer less 
than the energy stored in the surrounding fields. It is the domain wall motion that gives 
the hysteresis in the magnetization, as shown in the Fig. 2.3. 
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Figure 2.3. A typical hysteresis loop for a ferromagnetic material. The dotted curve 
shows the initial magnetization curve. Saturation magnetization (Ms), 
remanence (Mr), and coercivity (Hc) are illustrated on the curve. 
 
 To study the graph more carefully several terms must be defined. The distance 
intersected by the curve on the x-axis is called coercivity (Hc) and the field needed to 
bring the magnetization to zero is called coercive field. The lesser the coercivity the 
more sensitive the material is to the applied field. When the hysteresis loop begins to 
flatten a condition called saturation has been reached with only one domain. At 
saturation the value of the magnetization is at a maximum called the saturation 
magnetization (Ms). As mentioned, domain motion mainly determines the shape of the 
hysteresis loop, and is very sensitive to structural properties of the film.  
The magnetic properties of films can be affected by structural properties. Saturation 
magnetization may decrease if any unwanted chemical compound forms during the 
sputtering process, or if there is intermixing between layers at the interface. Defects in the 
film tend to increase the coercivity of the hysteresis loops since the domain walls hang on 
the defects and impurities in the film, making it much more difficult for a single domain 
form. Therefore, it takes greater applied field to produce a similar effect in a sample 
containing impurities and defects, limiting the films usefulness as a TMR or GMR device. 
The roughness of the surface at each interface can also change the magnetic properties. The 
M  
H  
Ms  
Mr  
Hsat  
Hc  
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rougher the transition between layers the greater the diffuse scattering of electrons. This 
lowers the changes of a strong GMR or TMR effect. 
 
2.3. Material Properties 
 
2.3.1. Cobalt (Co) 
 
Cobalt is a transition metal and it is a group VIII metal with 3d7 4s2 electronic 
configuration. Cobalt thin film structures have been intensively studied during the last 
few years because of their possible applications in many areas of technology, such as (i) 
magnetic data storage devices and sensors; and (ii) spintronics devices where one 
requires a material which will act as a source of spin polarized electrons. Co plays an 
important role due to high spin polarization of carriers at the Fermi level (Sharma 2006, 
Warot-Fonrose 2006). 
At ambient pressure bulk Co has two stable phases: HCP (hexagonal close packed) 
and FCC (face-centered cubic). These structures are shown in Fig. 2.3. The hcp phase is 
stable below 715 K and fcc phase above that temperature. The bulk resistivity of cobalt is 
6.24  cm. The lattice parameters are    2.5071 Å,   4.0695 Å for hexagonal 
structure and 3.5441 Å for fcc structure. The c/a ratio is 1.62 and the magnetization of 
bulk cobalt is 1422 emu/cm3 and the ratio of c/a is 1.62 (Bensmina et al. 1999).  
 
fcc structure hexagonal structure 
 
 
Figure 2.4. The face-centered cubic (fcc) and hexagonal close packed (hcp) structures 
of Cobalt. 
a 
c 
a 
a 
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2.3.2. Tantalum (Ta) 
 
Tantalum (Ta) is a group V metal. Because of its low resistivity, Ta films could 
have important applications in microelectronics such as diffusion barrier and ohmic 
contacts. It has high melting point and low reactivity so it makes a good capping layer.  
The property and crystal structure of tantalum thin films are dependent on the 
deposition techniques and conditions (Roy 1993, Hoogeveen 1996). Two phases of 
tantalum can be formed: bcc -phase and tetragonal -phase (Fig. 2.4). The latter has an 
as-deposited resistivity of 170-210  cm and the former, a good candidate for thin film 
interconnections and diffusion barriers, has a much lower resistivity of 15-60  cm 
(Liu et al. 2001). It is proposed that the lattice parameters of tetragonal tantalum grown 
on different substrates are  b = 10.194 Å,  5.313 Å and for bcc tantalum  3.3013 
Å (Read 1965, Jiang 2003, Lee 2004).  
 
bcc structure tetragonal structure 
 
 
 
Figure 2.5. The body-centered cubic (bcc) and tetragonal structures of Tantalum. 
 
Tantalum exhibits a wide range of compositions with oxides. Numerous 
crystalline forms have been identified such as Ta2O, TaO, TaO2, Ta2O5, and Ta3O9. 
Among these forms, Ta2O5 is recognized as the most stable one (Cheng 2003). It has a 
high dielectric constant (25) and a refractive index of about 2.2 (WEB_2 2007). Thus it 
can be used as a gate insulator in thin film memory devices (Rao et al. 1999). Band gap 
of bulk Ta2O5 is around 4.2 ev (Demiryont et al. 1985).  
a 
a 
a 
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In this study, our aim is to grow Ta2O5 layer in order to investigate the structure 
as a barrier layer due to its low band gap and high dielectric constant. Tantalum reacts 
strongly with silicon to form silicide interface layer which bonds the film strongly to the 
substrate. Therefore, we deposited tantalum on silicon in order to have well grown 
cobalt and a good contact layer. 
 
2.3.3. Silicon (Si) 
 
Silicon is widely used in bulk and thin film form in microelectronics 
applications. 
The lattice parameter of silicon is 5.430 Å and it has a diamond fcc structure 
which is shown in Fig. 2.5. The resistivity of bulk silicon is 0.1  cm. Silicon substrates 
which have (100) orientation were used in this study. 
 
 
 
Figure 2.6. Crystal structure of Silicon. 
 
 
 
 
 
 
 
 
 
 
a 
a 
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CHAPTER 3 
 
EXPERIMENTAL 
 
This chapter describes the process of magnetron sputtering and the various 
instruments and methods used for the characterization of the cobalt and tantalum thin 
films grown in this study. The crystallinity of the films was analyzed by X-Ray 
Diffractometer (XRD). Surface morphologies and cross-sectional images were 
investigated by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy 
(SEM), respectively. Vibrating Sample Magnetometer (VSM) was used to determine 
magnetic properties of the films.    
 
3.1. Magnetron Sputtering System 
 
The dc sputtering system composed of a pair of electrodes. The cathode is the 
target material to be deposited. The substrates are placed on the anode. The Ar+ ions 
generated in the glow discharge are accelerated at the cathode and sputter the target, 
resulting in the deposition of the thin films on the substrates.  
 
 
 
Figure 3.1. Schematic view of the magnetron cross-section and the erosion area formed 
on the surface of the target. 
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In magnetron sputtering, a magnetic field is applied on the target surface, as 
schematically shown in Fig. 3.1. The electrons involved in the sputtering process are 
trapped in this field close to the target and make cycloidal motion. This electron 
trapping effect increases the collision rate between the electrons and the sputtering gas 
molecules. 
In this study, the apparatus used to deposit films is ATC Orion 5 UHV 
Sputtering System (AJA International) in the Department of Physics at Izmir Institute of 
Technology and shown in Fig. 3.2. This system is a computer-controlled ultra high 
vacuum system with five 2" magnetron sources. It also consists of a rotating substrate 
holder (which allows a uniform film deposition) and a sample insertion load-lock 
chamber. 
 
 
 
Figure 3.2. ATC Orion 5 UHV Sputtering System (AJA International) in the 
Department of Physics at Izmir Institute of Technology. 
 
A halogen lamp based heater above the substrate holder can be used for heating 
the substrate from room temperature to 850oC as illustrated in Fig. 3.3. The base 
pressure of about 5 x 10-8 Torr is achieved by pumping the system using a turbo pump 
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backed by a mechanical pump. Both DC and RF sputtering can be done with a 
maximum power output of 500W and 300W, respectively. Co-deposition of different 
materials is also possible in this system. The computer control allows us to deposit very 
thin multilayers with a great accuracy of atomic layer thickness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Schematic illustration of magnetron sputtering system (AJA International). 
 
3.2. Target and Substrate Preparation 
 
The magnetic thin films were sputter deposited from a 2" cobalt (Co) target with 
0.100" thickness and 99.95% purity, a 2" tantalum (Ta) target with 0.250" thickness and 
99.95% purity, and a 2" tantalum pent oxide (Ta2O5) target with 0.125" thickness and 
99.90% purity. The magnet configuration of the magnetron heads were modified for 
magnetic film deposition. 
2" n-type silicon (100) oriented wafers with resistivity 1-10 .cm and 300 m 
thickness were used as substrate. In order to have high quality films, substrate should be 
cleaned properly either chemically or applying a bias voltage to the substrate to etch 
clean. After cutting the substrates into small pieces (~2x2 cm), they were only cleaned 
by a stream of dry nitrogen gas to remove any surface dust particles before loading to 
the system. 
 
Rotating 
sample holder 
Shutters 
Magnetron 
sputter heads 
Lamp based 
heater 
Substrate 
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3.3. The Deposition Procedure 
 
The substrates were cleaned by RF biasing. Etching the surfaces by RF bias is 
the preferred method of pre-cleaning since it works with conducting substrates, 
dielectric substrates and conducting substrates with the deposited insulating films. 
Substrates were etched for 2 minutes (~10 Å/min) at 15 watts. The targets were always 
pre-sputtered in order to remove any contamination and oxidation of the surface.  
For our system, 12 sccm Ar gas flow corresponding to 3 mTorr of deposition 
pressure was used for both DC and RF sputtering. Deposition parameters of cobalt, 
tantalum and tantalum pent oxide films were determined by using Maxtek TM-350 
Thickness Monitor. Table 3.1 shows the detailed growth parameters. Both Co and Ta 
films were deposited using DC sputtering at a power 20W while Ta2O5 was grown using 
RF sputtering power of 15 W at room temperature. Some of the films were then 
annealed inside the deposition chamber at high vacuum using the substrate heater at 
450oC to remove the stresses induced in the film during the deposition. All of the 
deposited samples are listed in Table 3.2. 
 
Table 3.1. Deposition parameters of Co, Ta and Ta2O5 films at different pressures. 
 
Material Pressure (mTorr) Power (W) 
Current 
(mA) Voltage (V) Rate (Å/min) 
0.5 20 55 350 11.7 
1.3 20 60 324 10.6 
3.0 20 65 296 8.0 
Co 
5.0 20 70 278 7.1 
Ta 3.0 20 71 271 13.2 
Ta2O5 3.0 15 11 145 13 
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Table 3.2. Deposition parameters for all samples. 
 
Sample 
[Thickness (nm)] 
Power  
(Watts) 
Growth 
Rate (Å/s) 
Gas Flow 
(sccm) 
 Pressure 
(mTorr) 
Si(100)/Co[4] 20 0.2 12 3.0 
Si(100)/Co[8] 20 0.2 12 3.0 
Si(100)/Co[15] 20 0.2 12 3.0 
Si(100)/Co[25] 20 0.2 12 3.0 
Si(100)/Co[50] 20 0.2 12 3.0 
Si(100)/Co[75] 20 0.2 12 3.0 
Si(100)/Co[100] 20 0.2 12 3.0 
Si(100)/Ta[40] 20 0.2 12 3.0 
Si(100)/Ta[80] 20 0.2 12 3.0 
Si(100)/Ta[7]/Co[4] 20 for all 0.2 (Co) 0.2 (Ta) 12 for all 3.0 for all 
Si(100)/Ta[4]/Co[25] 20 for all 0.2 (Co) 0.2 (Ta) 12 for all 3.0 for all 
Si(100)/Ta[40]/Co[4] 20 for all 0.2 (Co) 0.2 (Ta) 12 for all 3.0 for all 
Si(100)/Ta[40]/Co[25] 20 for all 0.2 (Co) 0.2 (Ta) 12 for all 3.0 for all 
Si(100)/Ta[7]/Co[4] 20 for all 0.2 (Co) 0.2 (Ta) 
5 (Co) 
12 (Ta) 
0.5 (Co) 
3.0 (Ta) 
Si(100)/Ta[7]/Co[4] 20 for all 0.2 (Co) 0.2 (Ta) 
7 (Co) 
12 (Ta) 
1.3 (Co) 
3.0 (Ta) 
Si(100)/Ta[7]/Co[4] 20 for all 0.1 (Co) 0.2 (Ta) 
19 (Co) 
12 (Ta) 
5.0 (Co) 
3.0 (Ta) 
Si(100)/Ta[40]/Co[25]/Ta[7]/ 
Co[4]/Ta[7] 
20 for all 0.1 (Co) 0.2 (Ta) 12 for all 3.0 for all 
Si(100)/Ta[40]/Co[25]/Ta2O5[7]/ 
Co[4]/Ta[7] 
20 (Co) 
20 (Ta) 
15 (Ta2O5) 
0.1 (Co) 
0.2 (Ta) 
0.2 (Ta2O5) 
12 for all 3.0 for all 
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3.4. Characterization Techniques 
 
3.4.1. X-Ray Diffractometer (XRD) 
 
 X-ray diffraction is one of the most common techniques for investigating the 
structure of crystalline materials. About 95% of all solid materials can be described as 
crystalline. The basic principle of XRD is the interference of waves reflected from 
different crystal planes (Cullity and Stock 2001). When an X-ray beam hits an atom, the 
electrons around the atom start to oscillate with the same frequency as the incoming 
beam. In almost all directions we will have destructive interference. However, the atoms 
in a crystal are arranged in a regular pattern, and in a very few directions we will have 
constructive interference. The waves will be in phase and there will be well defined X-
ray beams leaving the sample at various directions (Mohite 2004, WEB_1 2007). From 
the angle at which constructive interference occurs it is easy to determine the lattice 
spacing, d, by means of the Bragg law, 
 
nd =sin2  
 
where  is the angle of incidence relative to the planes, n is an integer and  is the 
wavelength of the X-ray. The interplanar distance between planes of atoms is a function 
of the Miller indices (h,k,l) and the lattice parameter al. For cubic, hexagonal and 
tetragonal structures the interplanar spacing dhkl can be obtained from the following 
expressions; 
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In the case of amorphous materials, there is distribution of the interplanar spacing 
because of the random nature of the structure. This leads to much broader peaks in the 
X-ray diffraction patterns (Ali 1999). Furthermore, by means of Sherrer formula, grain 
sizes of the crystals in deposited films can be estimated; 
 

KD
cos
=  
 
with  the line broadening (full width at half maximum intensity (FWHM) shown in 
Fig. 3.4.) and K the so-called shape factor, which is usually about 0.9. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Full width at half maximum (FWHM) intensity. 
  
The diffractometer used for the measurements described in this thesis is a Philips 
X’Pert Pro X-ray diffractometer using a Cu K X-ray source. The wavelength of the X-
ray is K1 = 0.15406 nm. The sample is exposed to the X-rays at an angle  and 
reflected rays are detected at an angle 2 with respect to the original beam. 
 When the X-rays are incident under a very small angle with the sample surface, 
the technique is often called grazing incidence X-ray analysis (GIXA) and is very useful 
for thin film analysis. At these angles reflection of the beam occurs at interfaces. 
Therefore, film thickness and roughness can be analyzed (Wieldraaijer 2006).  
 
 
Imax/2 
Imax 
 
 
FWHM 
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3.4.2. Atomic Force Microscopy (AFM) 
 
 Atomic Force Microscopy (AFM) is a useful method for the study of 
topographic surface features of thin films. AFM is a local surface probing technique. 
The operation of an AFM is based on the detection of a low power laser beam reflected 
by the edge of a soft cantilever. The cantilever is typically made of Si as the tip material 
and oscillates in free air at its resonant frequency. An AFM can operate in principal 
modes, tapping (non-contact) mode and contact mode. The tapping mode operation is of 
advantage to investigate the sample surface state without its modification, where as the 
contact mode is used to add or remove atoms to or from the sample surface.  
 In this study, an AFM (Multimode SPM, NT-MDT Solver Nova Tech.) with an 
ultrasharp tip was used in order to perform morphological studies films and roughness 
measurements of the grown films. AFM was operated in tapping mode. 
 
3.4.3. Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) is a standard method used for 
characterization of the surface morphology of the thin films. This technique is very 
useful for a quick view of the entire surface area of a given film. More sensitive 
methods (e.g. AFM) are slower and allow investigation of only limited area of the 
sample. 
In this thesis, SEM (Phillips XL-30S FEG) was used to analyze the surface and 
cross-section of the multilayers. 
 
3.4.4. Vibrating Sample Magnetometer (VSM) 
 
Lakeshore 7400 Vibrating Sample Magnetometer (VSM) was used to record the 
hysteresis loops of Co layers. The electromagnet in the VSM produces a uniform 
magnetic field between the poles, around the sample, which creates a magnetization in 
the film. Then, it is allowed vibrate in sinusoidal manner. The changes in flux caused by 
the vibrations are translated into a change in current in the pickup coils of the 
instrument, which means as a particular magnetization of the film. With a sensitivity of 
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10-6 emu the VSM gives an accurate measurement of magnetization. A picture of our 
VSM system can be seen in Fig. 3.5. 
 
 
 
Figure 3.5. Lakeshore 7400 VSM system. 
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
 
 In this chapter, the results of structural and magnetic characterizations of single 
and multilayers of Ta and Co films will be presented in detail. The growth conditions 
and parameters for further MTJ structures will be determined in the light of results of 
this study. 
 
4.1. X-Ray Diffractometer Results 
 
Si/Co: 
 
Fig. 4.1 shows the XRD pattern of Co thin film as a function of film thickness. 
There is no peak up to 25 nm Co thickness indicating that the film is amorphous. 
However, XRD pattern recorded on 50, 75, and 100 nm thick Co film shows the 
signature of crystalline through hexagonal (hcp) structure. The increase in sharpness 
indicates the increase in grain size of Co thin film. The grain sizes are calculated by 
using Scherer formula as 15.3, 17.4, and 20.4 nm, respectively. For 100 nm thin film 
sample one can clearly see an intense peak at 2	 = 44.530 corresponding to (002) hcp 
Co. There are also less intense peaks at 41.680 and 47.410 due to the reflections from 
(100) and (101) planes, respectively. 
In order to investigate the effect of annealing on amorphous structure, we 
annealed 25 nm Co film at 4500C in our sputtering chamber for 30 minutes at high 
vacuum. The XRD scan of as-deposited and annealed films is shown in Fig. 4.2 (a) and 
(b), respectively. It clearly shows transformation from amorphous to crystalline hcp 
(002) phase at 2	 = 44.750 (Kumar and Gupta 2007). There is no other diffraction peak 
related to other orientations of Co in the spectrum (b) indicating that Co film is single 
crystal with 0.317 FWHM values and has average grain size of 27 nm. One can infer 
from this spectrum that the reason of increasing crystallinity is due to disappearing of 
various point defects and release of stresses. In this sample Co crystallize in the hcp 
structure and have the <1000> texture. The (200), (222), and (400) peaks for silicon also 
appears at 2	 = 32.950, 61.650 and 69.100, respectively. 
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Figure. 4.1. XRD patterns of Co films as a function of thickness. 
 
This amorphous nature of as-deposited film can be due to the structural 
differences between Si and Co. However, after a critical thickness, Co constructs its 
own natural hexagonal structure and becomes crystal. The amorphous nature of Co film 
at lower thickness is also reported in the literature (Sharma 2007, Kharmouche 2004). 
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Figure 4.2. XRD patterns of (a) as-deposited and (b) annealed at 4500C Co film with 25 
nm thickness. 
 
Si/Ta: 
 
XRD spectra for room temperature Ta growth on Si(100) with 40 nm thickness 
is shown in Fig. 4.3. The pattern indicated the presence of single crystalline tetragonal 
Ta phase (-Ta) with the orientation along (002) (Kohli 2004, Maeng 2006). The 
diffraction peak for (002) plane which is at 2	 = 33.980 shows the presence of strong 
texture in this Ta film. According to Bragg Law and interplanar spacing formulas, the 
lattice parameters are calculated to be a = b = 11.704 Å and c = 5.272 Å. These values 
are close the international diffraction database for beta tantalum (Lee 2004). 
The peak has a value of 0.398 for FWHM and the grain size was calculated as 
about 21 nm. The reason of this low FWHM value might be because of the low lattice 
mismatch (6.13%) between -tantalum and silicon lattice constants. -tantalum has 
tetragonal structure and silicon has fcc structure. The structure of deposited film on the 
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substrate and low lattice mismatch can be seen from Fig. 4.4. Therefore, Ta grows well 
on silicon and has a very good crystal quality.  
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Figure 4.3. XRD spectra for as-deposited Ta on Si(100) with 40 nm thickness. 
 
 
 
Figure 4.4. The top view image of Ta atoms grown on Si atoms. 
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Si 
 27 
Si/Ta/Co: 
 
 After analyzing single layers of Co and Ta, Ta/Co bilayers were grown on 
Si(100) substrate. Fig. 4.5 (a) and (b) show XRD patterns of as-deposited and annealed 
Si/Ta(7nm)/Co(25nm) bilayer. In the as-deposited pattern, there is no Ta peak because 
Ta layer is very thin in this sample. As indicated before, there was no peak in 
Si/Co(25nm) sample. However, when a thin Ta layer is deposited under Co layer, a 
sharp Co (002) peak appears at 2	 = 44.650 and it has FWHM value of 0.570 and 15 nm 
grain size. It can be inferred that Ta buffer layer changes the structure of Co film 
dramatically. We also annealed this sample at 4500C for 30 minutes at high vacuum and 
the XRD scan can be seen in Fig. 4.5 (b). It is seen that the crystallinity of Co increases 
because the Co peak is sharper and has higher intensity. The grain size increased from 
15 nm to 18 nm as well. 
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Figure 4.5. XRD patterns of (a) as-deposited and (b) annealed at 4500C Si/Ta(7 
nm)/Co(25 nm) bilayer. 
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Fig. 4.6 (a) and (b) show the XRD patterns of the as-deposited and annealed 
samples where Ta thickness was increased from 7 nm to 40 nm for the same bilayer. It 
is clear that tetragonal -Ta (002) peak appears at 2	 = 33.970 and we have hcp Co 
(002) peak again at 2	 = 44.650 for both patterns. In spectra (a), Ta and Co peaks are 
quite sharp with FWHM of 0.400 and 0.649 and grain sizes of 21 nm and 13 nm, 
respectively. After annealing, Co has better crystallinity again but there is no significant 
change in the crystallinity of Ta. The FWHM values and the grain sizes can be 
compared from Table 4.1. One can infer from these graphs that annealing causes better 
crystallinity for Co films but not for Ta films. This might be the result of defects in 
cobalt which are disappearing during the annealing process. 
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Figure 4.6. XRD patterns of (a) as-deposited and (b) annealed at 4500C Si/Ta(40 
nm)/Co(25 nm) bilayer. 
 
 
 
 29 
Si/Ta/Co/Ta/Co/Ta: 
 
In order to investigate MTJ structures we need to grow multilayers including 
two ferromagnetic layers separated by the insulating layer. Before growing TaOx layer, 
we deposited Ta spacer layer to see the difference with the oxide layer. Therefore, we 
deposited Si/Ta(40nm)/Co(25nm)/Ta(7nm)/Co(4nm)/Ta(7nm) and the XRD spectra is 
shown in Fig. 4.7. Here it can be obviously seen -Ta (002) and Co (002) peaks similar 
to Si/Ta/Co bilayers as expected. Tantalum exhibited a good single crystalline quality 
with FWHM of 0.386 and a grain size of 21.5 nm. Cobalt also has good crystallinity 
with FWHM value of 0.672 and grain size of 12.8 nm. 
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Figure 4.7. XRD spectra of Si/Ta(40nm)/Co(25nm)/Ta(7nm)/Co(4nm)/Ta(7nm). 
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Si/Ta/Co/Ta2O5/Co/Ta: 
 
Having the insulator layer by using Ta2O5 target, Si/Ta(40nm)/Co(25nm)/Ta2O5 
(7nm)/Co(4nm)/Ta(7nm) multilayer was deposited. The XRD pattern of this multilayer 
is shown in Fig. 4.8. Comparing the previous structure, Ta2O5 layer did not make any 
difference about the crystallinity of Ta and Co layers. Both of them have good crystal 
quality again. Tantalum has the FWHM value of 0.410 and 20.2 nm grain size. 
Calculations for Co peak whose intensity seems to be increased showed that the FWHM 
value of 0.629 and grain size of 13.60 nm. These Co values show better crystallinity 
than the multilayer where Ta spacer layer is used instead of Ta2O5. It can be inferred 
that Co still keeps the same hexagonal structure when grown on Ta2O5 layer and it 
contributes to the Co (002) peak. All FHWM and grain size values of the single layers, 
bilayers and multilayers can be found in Table 4.1. 
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Figure 4.8. XRD diffraction pattern for Ta(40nm)/Co(25nm)/Ta2O5(4nm)/Co(4nm)/ 
Ta(7nm) multilayer on Si(100) substrate. 
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Table 4.1.  FWHM values of diffraction peaks and grain sizes of cobalt and tantalum in 
single layers, Si/Ta/Co samples and multilayers, respectively and FWHM 
and grain size for silicon substrate. 
 
FWHM (Degree) Grain Size (nm) 
Layers 
Co (002) -Ta (002) Co (002) -Ta (002) 
Si/Co(25) annealed 0,317 - 27.1 - 
Si/Ta(40) - 0.398 - 21.2 
Si/Ta(7)/Co(25) 0.570 no peak 15.1 no peak 
Si/Ta(7)/Co(25) annealed 0.466 no peak 18.4 no peak 
Si/Ta(40)/Co(25) 0.649 0.400 13.2 20.8 
Si/Ta(40)/Co(25) annealed 0.508 0.409 16.9 20.3 
Si/Ta(40)/Co(25)/Ta(7)/Co(4)/Ta(7) 0.672 0.386 12.8 21.5 
Si/Ta(40)/Co(25)/Ta2O5(4)/Co(4)/Ta(7) 0.629 0.410 13.6 20.2 
Silicon substrate 0.088 109.7 
 
4.2. Atomic Force Microscopy Results 
 
For the investigation of growth morphology of the as-deposited films, two and 
three-dimensional AFM images were recorded. All surface images were taken for 3x3 
µm2 areas. Root mean square (rms) roughness values for all samples are summarized in 
Table 4.2.  
The silicon substrate has 1.6 Å surface roughness shown in Fig. 4.9. It is 
indicating that Si(100) has very smooth surface. Grain sizes of the substrate were found 
to be ~110 nm from the XRD analysis. 
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Figure 4.9. AFM images of Si(100) substrate. Roughness (rms) is ~1.6 Å. 
 
Surface morphologies of the Co films on silicon with thicknesses of 4, 15, and 
100 nm are shown in Fig. 4.10 - 4.12, respectively. Analyzing the roughness values for 
various thicknesses, it can be inferred that Co films have smooth and uniform surface 
structure on silicon. Comparing from the images and Table 4.2, as the thickness 
increases, surface rms roughness first increases and then decreases. Our Co films were 
amorphous up to 50 nm and with increasing film thickness, the defects on the film 
surface can result in roughness increasing slowly until crystallinity starts. After Co 
starts crystallizing, the grain sizes increase and stress in the film releases so that the 
surface becomes smoother and continuous with low roughness values. The variation of 
roughness as a function of Co thickness can be seen in Fig. 4.13. 
 
 
 
 
Figure 4.10. AFM images of Si/Co(4nm) thin film. Roughness (rms) is ~1.6 Å. 
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Figure 4.11. AFM images of Si/Co(15nm) thin film. Roughness (rms) is ~5.6 Å. 
 
 
 
 
Figure 4.12. AFM images of Si/Co(25nm). Roughness (rms) is ~5.0 Å. 
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Figure 4.13. Variation of roughness as a function of Co thickness. 
 
Fig. 4.14 and 4.15 show the surface morphologies of deposited tantalum layers 
on Si(100) substrate. 40 nm Ta film has 0.9 Å surface roughness value which is quite 
low and smoother than Si substrate. With increasing Ta thickness from 40 to 80 nm, the 
roughness increased from 0.9 to 2.2 Å. These surface roughness values are good for FM 
layer to be grown on Ta. Homogeneous and continuous tantalum films are obtained. 
The reason of having high quality Ta film also might be because of the low lattice 
mismatch (6.13%) between -tantalum and silicon substrate.  
Fig. 4.16 shows surface roughness measurement for Si/Ta(7nm)/Co(4nm) 
bilayer. Root-mean-square roughness for this sample was found to be 2.0 Å and this is a 
quite low value for surface roughness. However, 4 nm Co film on silicon has 1.6 Å 
roughness value and this shows us that thin Ta layer increases the Co surface roughness 
slightly. 
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Figure 4.14. AFM images of Si/Ta(40nm) thin film. Roughness (rms) is ~0.9 Å. 
 
 
 
 
Figure 4.15. AFM images of Si/Ta(80nm) thin film. Roughness (rms) is ~2.2 Å. 
  
 
 
 
Figure 4.16. AFM images of Si/Ta(7nm)/Co(4nm). Roughness (rms) is ~2.0 Å. 
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When we increase the Co layer thickness from 4 nm to 25 nm for the same 
structure, roughness analysis gave us the images shown in Fig. 4.17 which is for 
Si/Ta(7nm)/Co(25nm). From the obtained surface images, rms roughness was found to 
be 1.3 Å which is interesting and lower than the previous structure with thin Co layer. 
Previously, increasing Co film thickness on silicon substrate caused higher roughness 
value but now thick Co on thin Ta gave us low roughness. As we have found from the 
XRD measurement of this structure that increasing Co film thickness on thin Ta layer 
results in single crystal hcp Co structure. Therefore, as the thickness of Co increases, 
grain size increases which is the reason of good crystallinity of Co, low roughness value 
and smoother surface. 
 
 
 
 
Figure 4.17. AFM images of Si/Ta(7nm)/Co(25nm). Roughness (rms) is ~1.3 Å. 
 
 
 
 
Figure 4.18. AFM images of Si/Ta(40nm)/Co(25nm). Roughness (rms) is ~2.4 Å. 
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Finally, we also increased Ta thickness for the same layers and obtained AFM 
images of Si/Ta(40nm)/Co(25nm) which is shown in Fig. 4.18. The roughness value 
was found to be 2.4 Å for this sample. Comparing with the 40 and 80 nm single Ta layer 
roughness values, increasing Ta layer thickness causes rougher interface and so rougher 
Co surface. However, the surface is still uniform and continuous because Co grows 
single crystal on Ta and large grain size lowers the surface roughness value. These 
thickness and roughness values are convenient in order to use bottom Ta layer as a 
contact layer in MTJ structures. In addition, the change in coercivity of Co films is 
related to the changes in surface roughness. In the case of rough films, the local surface 
roughness will induce in-plane magnetic poles, which may result in an in-plane 
demagnetizing field (Tiusan et al. 2002). Surface roughness induced magnetic 
anisotropy will change the domain size of Co films, thereby inducing the domain wall 
pinning. A decrease in freedom in domain wall motion thus leads to the enhancement of 
coercivity (Ng et al. 2002). 
 
Table 4.2. Root-mean-square roughness values for Si substrate, Co, Ta and Ta/Co 
bilayers. 
 
Samples Roughness (Å) [rms] 
Si(100) substrate 1.6 
Si/Co(4 nm) 1.6 
Si/Co(8 nm) 2.3 
Si/Co(15 nm) 5.6 
Si/Co(25 nm) 5.0 
Si/Co(50 nm) 2.4 
Si/Co(75 nm) 2.7 
Si/Co(100 nm) 1.9 
Si/Ta(40 nm) 0.9 
Si/Ta(80 nm) 2.2 
Si/Ta(7 nm)/Co(4 nm) 2.0 
Si/Ta(7 nm)/Co(25 nm) 1.3 
Si/Ta(40 nm)/Co(25 nm) 2.4 
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4.3. Scanning Electron Microscopy Results 
 
SEM cross-section image of Co(100nm) on silicon substrate is illustrated in Fig. 
4.19. Uniform cobalt film layer and continuous deposition can easily be seen from the 
micrograph. The as-deposited cobalt film consists of very fine columnar structure. 
Thickness of the cobalt layer was found to be 100 nm for 120 minutes deposition from 
this micrograph. Intermixing at the interface cannot be commented at this scale. 
 
 
 
Figure 4.19. SEM cross-section micrograph of Co(100nm) on Si(001). 
 
 
 
Figure 4.20. SEM cross-section micrograph of Si/Ta(80nm). 
Co 
Si(100) 
Ta 
Si(100) 
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Fig. 4.20 shows cross-section of Ta(80nm) single layer on silicon substrate. We 
have uniform and homogenous film. Thickness of tantalum single layer was found to be 
80 nm from this figure for 60 minutes growth. 
Fig. 4.21 shows the SEM cross-section image of thick Si/Ta(40nm)/Co(25nm) 
bilayer. The layers can be easily observed from the image. This film also seems to be 
uniform and the interface of the top layers can be clearly seen. The thicknesses also 
show the expected values.  
 
 
 
Figure 4.21. SEM cross-section micrograph of Si/Ta(40nm)/Co(25nm). 
 
4.4. Vibrating Sample Magnetometer Results 
 
Hysteresis loops of the samples of various thickness and pressure were measured 
by VSM. The hysteresis loops allowed us to determine two important parameters: the 
coercivity (Hc) of the sample, and saturation magnetization (Ms). 
The Hc was determined by measuring on the graphs where the magnetization 
returned to zero after saturation. Hysteresis loops were recorded up to the saturation 
magnetization. The magnetizations were determined as emu/cm3. The volume was 
calculated by measuring the area of the films with a digital caliper multiplying with the 
thickness of the film. 
Co film with thickness of 25 nm on silicon substrate has a square loop for the 
field applied parallel to the film plane. The directions of easy axis and hard axis in the 
Si/Ta interface 
Ta/Co interface 
Si(100) 
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film plane were determined from the azimuthal angle dependence of the loop shape (Wu 
et al. 2001). This suggests an in-plane easy axis for Co films. The hysteresis curves are 
illustrated in Fig. 4.22 where parallel and perpendicular M-H curves for the 25 nm thick 
Co film are shown. 
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Figure 4.22. Hysteresis curves of Si/Co(25nm) film with applied field parallel and 
perpendicular to the film plane.  
 
The loop had a square like shape, low Hc about 20 gauss and a high squareness S 
about 0.88 when the magnetic field was applied parallel to the film plane. When the 
magnetic field was applied perpendicular to plane, however the loop was almost 
reversible. As a result, both S and Hc are close to zero. Therefore, it is obvious that the 
easy magnetization axis of Co film lays in-plane while hard axis is perpendicular to 
plane. 
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Figure 4.23. The thickness dependence of coercivity and saturation magnetization of Co 
films on Si(100) substrate. Applied field H is parallel to the film plane. 
 
In order to study the magnetic properties further, we prepared series of thinner 
films which have 4, 8, 15, 25, 50, 75 and 100 nm thicknesses. For each sample the 
hysteresis loop was recorded as of magnetic field in the plane of the film. The thickness 
dependence of Hc and Ms of the films are shown in Fig. 4.23. By comparing the results, 
it is clear that the Hc and Ms depend strongly on the film thickness (Munford 2001, Li 
2000). According to the measurements, the Hc of the Co films is decreasing with 
increasing film thickness up to a threshold value which is between 15 and 25 nm. This 
low observed Hc value indicates the soft magnetic nature of thin Co film. It is known 
that the thin film structures contain various point defects and stresses, which are 
released as the thickness of the film is increased. With further increase of the thickness 
up to 100 nm, Hc increased almost linearly as reported in 2007 (Islam et al. 2007). The 
Hc reached the value of 180 G, which was about 9 times larger than its minimum value 
(~19 G). The observed increase in Hc at higher thicknesses of Co thin film is mainly due 
to the increase in grain size. It is well known that when the crystal grains are large, 
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crystalline magnetic anisotropy is large and magnetization in each crystal grain orient in 
different direction, because easy axis are not parallel to each other. In this case 
magnetization cannot rotate at the same time and the hysteresis in the M-H character 
become large and soft magnetic properties become poor (Sharma 2007).  
The saturation magnetization (Ms) for different thicknesses of layers (4, 8, 15, 
25, 50, 75 and 100 nm) are 748, 981, 1458, 1321, 1095, 1034, and 1010 emu/cm3, 
respectively, which are dependent on thickness and grain size. Calculation of high 
magnetization values can be because of the sensitivity of thickness measurement. 
Existence of point defects in thinner films might be the reason of low magnetization 
values. The magnetization of 15 nm Co film reaches its maximum value which is close 
to magnetization of bulk Co (1422 emu/cm3). In small grains, magnetization can be 
rotated easily by applying low magnetic fields (Deo et al. 2005). After this critical 
thickness (15 nm), grain size and crystallinity of Co films increase. However, it will be 
more difficult to rotate the magnetization totally in each large grain causing low 
magnetization values. 
After determining the critical thickness, we deposited Si/Co(4nm) films with 
different growth pressures (0.5, 1.3, 3.0, and 5.0 mTorr) in order to have the highest Hc 
for thin Co layer. The hysteresis loops of the samples are shown in Fig. 4.24. As the 
growth pressure increases, the Hc increases whereas the magnetization of the samples 
decreases. At low pressures, Hc is low due to the high energetic sputtered atoms which 
cause large grains and smooth films. Therefore, it is easy to rotate the magnetization 
with low magnetic fields for these films and they have high magnetization values. Here, 
the Co film with 3.0 mTorr pressure has the highest Hc, so it might be convenient to use 
it for pinned ferromagnetic electrode in MTJ stack. 
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Figure 4.24. Hysteresis loops of Si/Co(4nm) samples with different deposition pressures. 
 
Tantalum buffer layer is used for contact layer in order to carry out 
magnetoresistance (MR) measurements in MTJ structures for spintronics applications. 
Therefore, we deposited Si/Ta(7nm)/Co(4nm) thin bilayers with changing the 
deposition pressure of Co layers in order to investigate how the magnetic properties of 
Co change when it is grown on Ta layer. We did not use 100 nm film for Co which have 
very high Hc because we need very thin films for MTJ structures. The hysteresis loops 
for the samples are shown in Fig. 4.25. It is obvious that with increasing Co pressure, 
the coercivity of the samples increases. The effects of pressure have been described in 
section 2.1. Having low Ar pressure causes denser and smoother films because of the 
more energetic sputtered atoms. Therefore, the samples with low pressures have larger 
grain size than the samples which were deposited at higher pressures. These larger 
grains are the reason for low Hc. The deposition pressures of Cobalt were 0.5 mTorr, 1.3 
mTorr, 3.0 mTorr and 5.0 mTorr and the Hc values are 23 G, 34 G, 42 G and 69 G, 
respectively.  
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Figure 4.25. Hysteresis loops of Si/Ta(7nm)/Co(4nm) samples with deposited Co at 
different pressures.  
 
In addition, the magnetization also increases with deposition pressure. However, 
the sample with 5 mTorr pressure has the lowest magnetization value. This might be the 
result of having rougher surface which can cause demagnetizing fields. 
After studying thin Co layer at different pressures, we also investigated Ta/Co 
bilayers with changing thicknesses of both Co and Ta layers. The hysteresis curves of 
Si/Ta(7nm)/Co(4nm), Si/Ta(7nm)/Co(25nm), Si/Ta(40nm)/Co(4nm) and Si/Ta(40nm)/ 
Co(25nm) are shown in Fig. 4.26 with Hc values. We noticed from these hysteresis 
loops that the sample which includes thick Ta and Co gave us very low Hc (18 G). 
Therefore, it is more convenient to use thick Ta and Co films for free layer of MTJ 
stack.  
 
 45 
-250 -200 -150 -100 -50 0 50 100 150 200 250
-1500
-1000
-500
0
500
1000
1500
M
a
gn
et
iz
a
tio
n
 
(em
u
/c
m
3 )
 
Magnetic Field (G)
Si/Ta(7)/Co(4)
HC = 42 G
 
 
 
-200 -150 -100 -50 0 50 100 150 200
-1500
-1000
-500
0
500
1000
1500
Si/Ta(7)/Co(25)
HC = 21 G
 
 
 
-250 -200 -150 -100 -50 0 50 100 150 200 250
-1500
-1000
-500
0
500
1000
1500
 
Si/Ta(40)/Co(4)
HC = 36 G
 
 
-200 -150 -100 -50 0 50 100 150 200
-1500
-1000
-500
0
500
1000
1500
Si/Ta(40)/Co(25)
HC = 18 G
 
 
 
 
Figure 4.26. Hysteresis curves for Si/Ta/Co bilayers with different layer thicknesses. 
 
Another interesting point is that when we changed the Ta thickness without 
changing Co thickness, the Hc value did not change much. Thick Ta just makes the 
crystallinity of Co better and it is good to have thick bottom contact layer. If we 
increase Co thickness while the Ta thickness is fixed, the Hc decreases and high 
squareness is obtained as expected. It can be inferred from the quality of squareness that 
for applied magnetic field in the direction of easy axis of magnetization, hysteresis 
curve is a perfect square suggesting that the magnetization takes place purely through 
domain wall motion (Kumar and Gupta 2007). 
In order to study multilayers for MTJ purposes, we first grew the following 
GMR stack: Si/Ta(40nm)/Co(25nm)/Ta(7nm)/Co(4nm)/Ta(7nm) where the Ta layer 
between two magnetic electrodes is used for the barrier. The last thin Ta layer is a 
contact and a capping layer for keeping top Co layer from oxidation. Using VSM, the 
hysteresis loop which is shown in Fig. 4.27 was obtained. In MTJs, free and pinned 
magnetic layers should change their magnetization alignments independently due to the 
magnetic field. Therefore, two different coercivity steps have to be seen in the hystresis 
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curve. However, because of the coupling between the ferromagnetic layers we do not 
have any steps for this structure. Coupling prevents the magnetic layers from rotating 
their magnetizations without affecting each other. Since Ta is a metal, the coupling 
occurs due to the itinerant (conduction) electrons. This effect is called Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction (Ruderman 1954, Kasuya 1956, Yosida 1957). 
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Figure 4.27. Magnetic hysteresis curve for Si/Ta(40nm)/Co(25nm)/Ta(7nm)/Co(4nm)/ 
Ta(7nm). 
 
 After this sample, 7 nm Ta2O5 insulator layer was replaced with the conductor 
layer in order to have MTJ structure. The hysteresis graph of this structure is shown in 
Fig. 4.28. The shape of the curve obviously indicates that there are two magnetic phases 
with different Hc in multilayer. When the magnetic field H is in the range of 70-100 G, 
one Co layer keeps the original orientation and the other turns to opposite orientation. 
The adjacent magnetic layers are in anti-parallel alignment. This forms a hard-soft 
system (Ma and Wong 2002). 
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Figure 4.28. Magnetic hysteresis curve for Si/Ta(40nm)/Co(25nm)/Ta2O5(7nm)/Co 
(4nm)/Ta(7nm). 
 
For further work, the thicknesses of Ta2O5 and Co layers will be changed to 
achieve clear magnetic phases. After having the successful MTJ structure, the 
magnetoresistance measurements will be carried out for spintronics device applications. 
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CHAPTER 5 
 
CONCLUSION 
 
 Si(100)/Ta/Co magnetic multilayer structures were grown by UHV Magnetron 
Sputtering System. XRD analysis showed that single Co layer grows amorphous on 
silicon substrate up to 50 nm and then starts crystallizing with (100), (002), and (101) 
orientations at 2	 = 41.680, 44.530, and 47.410, respectively. The grain size increases as 
the thickness of film increases. After annealing 25 nm amorphous Co film at 4500C at 
high vacuum, a peak was observed at 2	 = 44.750 which shows a transformation from 
amorphous to single crystalline hexagonal (002) phase with 27 nm grain size. Single Ta 
layer with thickness of 40 nm has a good quality single crystalline structure of 
tetragonal tantalum (-Ta) phase with (002) plane at 2	 = 33.980. The XRD spectrum of 
Ta/Co bilayers and MTJ stacks also gave us good crystallinity for Co and Ta layers 
without annealing. 
AFM surface roughness measurements of the samples were performed and it is 
revealed that with increasing Co film thickness on silicon substrate, the rms roughness 
value first increases up to 5.6 Å for 15 nm film, and then decreases with increasing 
thickness. This is because of the crystallization of Co after 25 nm and increasing grain 
sizes with thickness. The rms roughness values for 40 and 80 nm Ta single layers were 
found to be increasing with thickness to 0.9 Å and 2.2 Å, respectively. These low values 
might be the result of low lattice mismatch (6.13%) between tantalum and silicon 
substrate. In Ta/Co bilayers, when Co layer thickness is increased, surface rms 
roughness value decreases. According to XRD results, cobalt grows good quality single 
crystal on tantalum, so the surface is uniform and homogeneous. SEM cross-section 
images also showed that we have uniform and continuous film growth on silicon 
substrate for both single and bilayers. However, because of the resolution of our SEM, 
we could not investigate the very thin films. 
The hysteresis loops of all samples were determined by using VSM. From the 
azimuthal angle measurements, Co films showed in-plane easy axis magnetization. The 
thickness dependence of coercivity (Hc) and saturation magnetization (Ms) was 
investigated. When the thickness of Co film on silicon substrate was increased from 4 
nm to 15 nm, the Hc value decreased from 72 G to 20 G. Thin films might have point 
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defects and stresses which are released as the thickness of the film is increased. After 25 
nm, the Hc increases almost linearly up to 180 G for 100 nm Co film. This increase in 
Hc and decrease in Ms are due to the formation of large grains and crystallinity of cobalt. 
15 nm Co sample has the highest magnetization value which is close to bulk Co 
magnetization (1422 emu/cm3). After having high Hc value for thin Co layer, we 
deposited Co films on silicon for different deposition pressures. It is found that with 
increasing pressure, the Hc values also increased. This might be the reason of the low 
deposition pressure which causes denser and smoother films because of more energetic 
sputtered atoms. Thus, the films with low pressures have larger grain size than the 
samples which were deposited at higher pressures. We have also changed the deposition 
pressure of Co layer deposited on Ta layer. The Hc increased again with the increasing 
Co deposition pressure. In order to understand thickness dependency better, we grew 
Ta/Co bilayers which have different Co and Ta thicknesses. When only the Co thickness 
increased, the Hc of the sample decreased as expected. However, the interesting point is 
that only changing Ta layer thickness does not make any difference in Hc of the sample. 
The lowest Hc value (18 G) was found for Si/Ta(40nm)/Co(25nm) bilayer. Then, we 
constructed Si/Ta/Co/Ta/Co/Ta multilayer where Ta metal is used as a barrier layer 
between the ferromagnetic electrodes. For this GMR structure, there was no coercivity 
steps observed in the hysteresis because coupling which is due to RKKY interaction 
prevents the magnetizations of the magnetic layers from rotation independently. Finally, 
we produced Si/Ta/Co/Ta2O5/Co/Ta multilayer for MTJ purposes. The hysteresis curve 
of this sandwich gave us two magnetic phases with different Hc in multilayer which 
forms a hard-soft system. 
For future work, the thicknesses of Co and Ta2O5 layers will be changed in order 
to achieve clear coercivity steps. Moreover, the samples will be patterned to carry out 
magnetoresistance measurements for investigation of spintronics applications. 
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